Citation: Bachleda AR, Pevny LH, Weiss ER. Sox2-deficient Müller glia disrupt the structural and functional maturation of the mammalian retina. Invest Ophthalmol Vis Sci. 2016;57:148857: -149957: . DOI:10.1167 PURPOSE. Müller glia (MG), the principal glial cells of the vertebrate retina, display quiescent progenitor cell characteristics. They express key progenitor markers, including the high mobility group box transcription factor SOX2 and maintain a progenitor-like morphology. In the embryonic and mature central nervous system, SOX2 maintains neural stem cell identity. However, its function in committed Müller glia has yet to be determined.
M¨u
ller glia (MG), the principal macroglia of the vertebrate retina, retain many stem cell characteristics. They are the last cell type to develop from multipotent retinal progenitor cells (RPCs). Retinal progenitor cells give rise to all six types of retinal neurons in a distinct spatio-temporal order spanning embryonic day (E)12 to postnatal day (P)10 in the murine retina. 1, 2 Born from P0 to P10, MG preserve RPC radial morphology spanning the apical/basal axis of the retina. [3] [4] [5] Müller glia also retain an RPC-like gene expression profile, including the expression of SOX2, a high mobility group box transcription factor that maintains stem cell pluripotency in the embryonic nervous system and in populations of adult neural stem cells. [6] [7] [8] [9] [10] While numerous studies have examined aspects of MG's neurogenic potential after injury, [11] [12] [13] [14] a role for SOX2 in committed MG has not been defined.
We previously demonstrated that SOX2 is required for the maintenance of neurogenic potential in RPCs, as well as for maintaining early postnatal RPC/MG quiescence. 15, 16 Ubiquitous Sox2 ablation in vitro in P0 RPCs results in aberrant MG cell cycle entrance at P5. This reentrance of nascent MG into the cell cycle results in their eventual depletion and the structural collapse of the retina by P10. 16 These studies reinforce the well-established role Sox2 plays in determining cell fate. However, the functions of SOX2 in cell populations with determined cell fates like MG, which express SOX2 constitutively, remain largely unexplored. Over the first postnatal month, MG processes develop an intricate network that provides architectural support and enables MG to maintain retinal homeostasis. 17, 18 However, little is known about postnatal maturation of MG and the elaboration of their processes. [19] [20] [21] Once this network is established, MG facilitate neuronal transmission by supporting glucose metabolism, ion and water homeostasis, recycling neurotransmitters, channeling light to the photoreceptors, and even retinal regeneration. 4, [22] [23] [24] [25] [26] In this study, we address the role of SOX2 in MG function by characterizing the maturation of Sox2-deficient MG. We find that expression of SOX2 is essential for proper elaboration of the extensive side branches that MG develop during the first 2 postnatal months. Disruption in these processes results in loss of neuronal function as well as disruption of amacrine and horizontal cell neurites in the inner nuclear and outer plexiform layers (INL and OPL), respectively. These data indicate a new role for SOX2 in the maturation of MG, and provide insights into the role of these cells in the maintenance of retinal cytoarchitecture and function. 
MATERIALS AND METHODS

Mouse Lines
All animal work was carried out in accordance with the University of North Carolina Institutional Animal Care and Use Committee and the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Generation of the Sox2 COND mouse line was previously described 27 ; GLASTCreER mice were a gift from Jeremy Nathans, PhD. [28] [29] [30] The Rosa26-Reporter strain 31 (R26R) was obtained from Jackson Laboratories. All mouse lines in this study were maintained on a mixed CD1;C57BL6/J background. Genotyping primers and protocols were described previously. 16 
Sox2 Ablation
The line Sox2
COND was crossed to the glial specific, tamoxifen (TAM)-inducible GLASTCreER line, and to the R26R reporter line. Pregnant dams were monitored to determine pups' date of birth (P0). We gave P5 Sox2 MUTANT (Sox2 COND/COND ;GLASTCreER;R26R) and Sox2 CONTROL (Sox2
;GLASTCreER;R26R) pups a 60-lL intragastric injection of 8 mg/mL tamoxifen (Sigma-Aldrich Corp., St. Louis, MO, USA) prepared in a 1:10 EtOH:corn oil solution.
Immunohistochemistry
Retinas were harvested at P15, P25, and P60. Eyes were removed from the animal immediately following cervical dislocation and fixed in 4% paraformaldehyde (PFA) in PBS for 20 minutes. Eyes were then removed from the PFA solution and placed in PBS for dissection. An incision was made in the cornea, through which the lens was gently removed. Eyecups were returned to 4% PFA in PBS overnight. Eyecups were sequentially immersed in 10%, 20%, and 30% sucrose in PBS, mounted in optical coherence tomography (OCT) medium (Tissue-Tek; Sakura Finetek, Torrance, CA, USA) and frozen at À808C. Horizontal 14 to 16 lm cryostat sections were blocked in 10% goat serum in PBS, 1.0% Triton X-100 solution for at least 2 hours, and then incubated with primary antibodies in a solution containing 5% goat serum and 0.1% Triton X-100 in PBS overnight at 48C. Following three 5-minute washes in PBS, tissue was incubated with secondary antibodies for 1 hour at room temperature.
The following antibodies and stains were used at the noted dilutions for this study: SOX2, rabbit polyclonal 
Electron Microscopy
Eyecups (P60) were prepared as described above and fixed for 1 week in a solution of 2% glutaraldehyde, 2% paraformaldehyde in 0.1% cacodylate buffer, pH 7.2. Semi-thin 0.5-lm sections through the central retina were stained with 1% methylene blue. Images were collected on an inverted microscope (Leica DMIRB; Leica Microsystems GmbH, Wetzlar, Germany) with a camera (Retiga SRV-1394; QImaging, Surrey, BC, Canada). Electron microscopy specimens were postfixed in a solution of 2% osmium tetraoxide in 0.1% cacodylate buffer and embedded in Epon 812 resin. Sections were cut at 65-nm thickness using an electron microscope (CU7; Leica Microsystems GmbH) and contrast stained with a 2% uranyl acetate, 4% lead citrate solution. Ultrathin sections were visualized on a transmission electron microscope (JEM-1400; JEOL USA, Inc., Peabody, MA, USA) using a charge-coupled device camera (ORIUS SC1000, 35-mm port; Gatan, Inc., Pleasanton, CA, USA).
Histologic Statistical Analysis
At least four retinas from independent litters were analyzed for each molecular marker unless otherwise noted. To determine Causes Recombination (CRE) efficiency, the number of SOX2-positive MG was counted in four nonconsecutive sections in the central retina of five Sox2
MUTANT and five Sox2 CONTROL retinas at P10. The average number of SOX2-positive MG in each of the five Sox2
MUTANT and five Sox2 CONTROL retinas was compared using a Student's t-test (2-tailed, heteroscedastic). The recombination percentage was calculated by dividing the average number of SOX2 positive MG cells in Sox2
MUTANT retinas by the average number of SOX2-positive MG cells in Sox2 CONTROL retinas and subtracting that number from 1.
Retinal thickness was measured in three, nonconsecutive horizontal sections in five mutants and five controls. ImageJ (http://imagej.nih.gov/ij/; provided in the public domain by the National Institutes of Health, Bethesda, MD, USA) was used to determine the length of the retina from optic nerve head to the edge of the neural retina. The length of the retina was then trisected and the thickness of the retina was measured at inner (nearest to optic nerve), central, and peripheral points. Inner, central, and peripheral measurements for each of the three sections per retina were averaged and the values from the five Sox2 CONTROL and Sox2 MUTANT retinas were compared using an unpaired Student's t-test (2-tailed, homoscedastic).
Discontinuity in MG endfeet at the inner limiting membrane (ILM) was measured in three, nonconsecutive horizontal sections in five mutants and five controls. For each section, the number of gaps in glutamine synthetase (GS) staining at the ILM was measured. The number of gaps in GS staining for each of the three sections per retina was averaged and the values from the five Sox2 CONTROL and Sox2 MUTANT retinas were compared using an unpaired Student's t-test (2-tailed, heteroscedastic).
Pixel density in the inner plexiform layer (IPL) was measured in five 100 3 100 pixel regions from six mutant and six litter-matched control retinas stained with GS at P25. Each pair of mutant and control images was taken with the same imaging parameters and stained in the same group. Using photo editing software (Adobe Photoshop; Adobe Systems), a square grid was applied to each image. Pixel density was measured in five 100 3 100 pixel regions in the IPL for each image. The grid was used to determine which 100 3 100 region to analyze. The first 100 3 100 region measured for each region was aligned with the left side of the image in the x, or horizontal, axis. Vertically the 100 3 100 region was in positioned as close to the ILM as possible without including dense staining from MG endfeet. Then moving from horizontally from left to right, a region of 100 pixels in length was skipped. The next 100 3 100 region was then measured. The left side of the bounding box placed at a distance of 200 pixels from the left side of the image. The top side of the bounding box was again aligned along vertical axis, positioned just below MG endfeet. This pattern was repeated until five regions for each image were measured. Median pixel density was measured using the histogram tool of the photo editing software (Adobe Systems). Median pixel intensities for each section were averaged. Pixel density values from the six Sox2 CONTROL and six Sox2 MUTANT retinas were compared. The hypothesis that the average pixel density values were higher in the IPL of Sox2 CONTROL retinas compared with Sox2 MUTANT retinas was tested using a paired Student's t-test (1-tailed, homoscedastic).
For the MG cell body analysis, x-and y-coordinates of SOX9-positive cells were obtained from six nonconsecutive sections in the central retina of five Sox2
MUTANT and five Sox2 CONTROL retinas at P25. We measured disorganization in the retina using a modified least squares analysis in which we measured the distance of each SOX9-positive MG cell body from a band representing a theoretical organized retina. The ''organizational band'' was defined as the region 19.5 lm (approximately the width of four MG cell bodies) above and below the quadratic least squares fit to the measured x-and y-coordinates of the MG cell bodies in each section of each retina. Mean squared distance from the edge of the organizational band was computed for each section and pooled to create a disorganization metric for each retina. Disorganization of control and mutant retinas was compared using a Student's t-test (2-tailed, heteroscedastic).
Electroretinography
Electroretinogram responses to light were recorded using an electroretinography system (Espion E 2 with ColorDome Ganzfeld Stimulator; Diagnosys LLC, Lowell, MA, USA). We dark-adapted P25 and P60 Sox2
MUTANT and Sox2 CONTROL animals overnight, then anesthetized them via intraperitoneal injection with 2.5% tribromoethanol (Avertin; Winthrop Laboratories, New York, NY, USA) at 0.018 mL/g and maintained at 378C on a heated platform. Pupils were dilated with 2.5% phenylephrine hydrochloride and 1% tropicamide.
Hydroxypropyl methylcellulose was applied to the eyes to prevent dehydration. Electroretinograms were recorded under scotopic (dark-adapted) conditions in response to 12 flashes (4 ms in duration) of light intensities ranging from 0.001 to 100 scot cd/m 2 . Traces from each eye were averaged across four flashes per intensity. The negative a-wave that arises from the photoreceptor response was calculated as the amplitude of the negative peak following the flash. The positive b-wave generated in the inner retina was calculated as the amplitude of the positive peak from the negative trough of the a-wave. The data were graphed using graphing and statistics software (Graphpad Prism; GraphPad Software, Inc., La Jolla, CA, USA). Amplitudes of P25 a-and b-wave from 14 Sox2
MUTANT and 12 Sox2 CONTROL eyes were compared using a Student's t-test at each step; statistical significance was determined using the Holm-Sidak method, with alpha ¼ 5.000%.
RESULTS
Müller Glia Mature Throughout the First Postnatal Month
We analyzed the maturation process of Müller glia in wild-type mice over the first 2 postnatal months using the Müller glial marker, CRALBP, a protein involved in chromophore transport 32 ( Fig. 1A) . At P5, the main apicobasal processes are well established and MG endfeet at the inner and outer limiting membranes (OLMs) have been formed. Müller glia have not yet extended processes into the synaptic and neuronal layers. This is especially striking in the IPL (Fig. 1A , inset) and the outer nuclear layer (ONL). At this developmental stage, SOX2 is specifically expressed in MG cell bodies in the inner nuclear layer (INL) (Fig. 1F, arrow) , where it colocalizes with CRALBP ( Fig. 1F, inset) , and cholinergic amacrine cells 33 (arrowheads) in the INL (Fig. 1F ). At P10, just prior to eye opening, retinal synapses are forming. 34 At this stage, Müller glia have begun to extend side processes into the outer plexiform layer (OPL, arrowhead) and to define the outer boundary of the inner plexiform layer (IPL; Fig. 1B, arrow) . The SOX2 staining in the elongated Müller cell bodies is well defined (Fig. 1G) . By P15, there is a considerable increase the density of processes (Fig.  1C ) and the bands of MG fibers that ensheathe neuronal processes in the IPL are beginning to form. In the ONL, definition in the lamellar processes that envelope the photoreceptor cell bodies is now evident. At P25, synaptogenesis is complete and Müller glial processes in the IPL and ONL are well defined (Fig. 1D) . 4, 34 However, further maturation of MG processes is observed from P25 to P60. Concomitant with a slight decrease in the thickness of the retina is an increase in density of the MG processes in both the IPL and ONL (Fig. 1E) . Expression of SOX2 in the INL reveals that the morphology and localization of MG cell bodies remains relatively stationary Müller Glia-Specific Sox2 Ablation
To determine the function of SOX2 in the maturation of MG in vivo, we genetically ablated Sox2 in postnatal MG using a Sox2 conditional mouse line previously generated by our laboratory 27 ( Fig. 2A) . The Sox2 COND line was crossed to a glial specific, TAM-inducible Cre line, GLASTCreER 29 and to the Rosa26LacZ reporter line. 31 Administration of a systemic dose of TAM to the Sox2 COND/COND ;GLASTCreER;R26R pups (''Sox2
MUTANT ''; Fig. 2A ) results in efficient, MG-specific, Sox2 ablation in the postnatal retina (Fig. 2D 0 compared with Fig.  2D 00 at P15). Figure 2B outlines the protocol used to assess the role of SOX2 in the maturation of Müller glia. Ablation of Sox2 was induced at P5, which is the height of Müller glia genesis in the murine retina. 5 Retinas were harvested at P15 during the maturation of Müller glial processes, at P25 when the retina is functionally mature and synaptogenesis is complete, 4, 34 and at P60, when MG maturation appears to be complete in wild-type animals (Fig. 1E) . Induction of CRE expression by tamoxifen administration at P5 results in robust, MG-specific CRE expression at P15, as shown by colocalization of b-galactosidase (b-gal) and the MG marker glutamine synthetase (Fig. 2C) . Sox2 is specifically ablated in 
Loss of SOX2 Disrupts the Typical Maturation of MG Processes
Retinas from P25 Sox2
MUTANT and Sox2 CONTROL mice were stained with CRALBP and compared for changes in MG morphology (Fig. 3) . The images in Figure 3A demonstrate that the MG processes in the Sox2
MUTANT IPL are less organized with respect to the density of processes compared with control (Figs. 3A 0 , A 00 ). Retinal thickness was quantified in retinas stained with MG-specific glutamine synthetase (GS) at P25 and results indicate that the mutant retinas are consistently thinner (Fig. 3B) . While significant in the central and peripheral retina, the effect was modest. The integrity of the MG endfeet at the ILM is also disrupted (see asterisks in Fig.  3A 00 ). The disruption of the MG endfeet was severe, resulting in a significant level of discontinuity MG endfeet in sections (Fig. 3C ). This quantification of the disruptions mirrors the disruptions visualized at the ILM in the mutant stained with CRALBP in Figure 3A .
Sox2-Deficient
To examine the SOX2-negative MG population over the course of their postnatal maturation, the CRE-positive MG population was identified via b-galactosidase staining at P15, P25, and P60 (Fig. 4) . At P15, Sox2
MUTANT and Sox2
CONTROL
Müller glia processes in the IPL display similar morphologies (Figs. 4A, 4D ; insets). However, by P25, a visible disorganization of MG side processes in the Sox2 MUTANT IPL is evident (Figs. 4B, 4E ; insets, arrows). As described in Figure 3 , the Müller glial endfeet at the ILM also appear disrupted in the mutant (Figs. 4B, 4E ; arrowheads refer to MG endfeet at the ILM). At P60 Müller glial processes in the IPL and ILM remain disorganized compared with processes in Sox2 CONTROL retinas (Figs. 4C, 4F ; arrows in insets at ILM). These data indicate that ablation of SOX2 in Müller glia at P5 results in aberrant maturation and development of processes by P25.
We also examined the entire population of Müller glia at P15, P25, and P60 (Figs. 4G-L) by looking at the expression pattern of GS to visualize the density of processes in the synaptic layers and the integrity of the MG endfeet at the inner and outer limiting membranes over the course of MG maturation. As shown in Figure 1 , MG processes in the IPL undergo significant maturation during the first 2 postnatal months. At P15, Müller glial apicobasal processes in the IPL of the Sox2
MUTANT retinas are similar in morphology to the control (compare the insets in Figs. 4G, 4J ). However, Sox2 MUTANT processes that extend into the outer plexiform layer (OPL) are not as organized at the OPL/ONL border compared with control retinas (Figs. 4G, 4J ; arrowheads). By P25, there is a marked and significant decrease in density and complexity of MG processes in IPL of the Sox2 MUTANT (Fig. 4K ) compared with control retinas (Fig. 4H) as described in Figure  3B . Particularly evident in the insets is the decreased density of processes that define the INL border and synaptic bands in the IPL (arrows indicate regions of decreased density; insets for Figs. 4H, 4K). Quantification of this phenotype was conducted in P25 retinas stained with GS. Randomized quantification of the pixel density of the IPL demonstrates that the density of 
Displacement of MG Cell Bodies Due to Sox2 Ablation
To define and quantify the disorganization of the MG in Sox2 MUTANT retinas, we examined SOX9 expression. In the INL, SOX9 specifically labels MG cell bodies. Compared with the control, the Sox2 MUTANT Müller glia have mislocalized cell bodies, with some nuclei located ectopically in the OPL and ONL, amid the photoreceptor cell bodies (Fig. 5) . At P15, there is limited disorganization of Sox2 MUTANT retina (Figs. 5C, 5F ). The mislocalization of Sox2 MUTANT -MG cell bodies shown in Figure  5 phenocopies MG disorganization that occurs during retinal degeneration. 35 However, cleaved caspase-3 and GFAP levels are not upregulated (data not shown). Therefore, these data provide evidence that the Sox2 MUTANT phenotype is a result of aberrant maturation rather than degeneration.
SOX9 also stained a population of cells, localized to the ganglion cell layer (GCL), which appeared to increase with age in the Sox2 MUTANT retinas. Previous work by others 36 suggests that these cells are astrocytes. The astrocytes participate in directing the ganglion cell axons toward the optic nerve. They also serve to ensheathe the blood vessels and are thought to contribute to the blood/retina barrier in the inner retina. 37 
Ablation of Sox2 in Müller Glia at P5 Disrupts Synaptic Layer Formation
Because the role of the MG is critical for support of the retinal neurons, the disorganization of MG processes in the IPL and OPL may lead to disruption of axons and dendrites in the plexiform layers. We therefore examined amacrine and ganglion cell neurites in the IPL and horizontal cell neurites in the OPL. A subset of amacrine cells, displaced amacrine cells, retinal ganglion cells, and three distinct bands of processes in the IPL are labeled with an antibody to the calcium binding protein, calretinin (Figs. 6A-F) . The outer and inner bands of processes in the IPL are the cholinergic strata, while the middle band includes processes from nitric oxide synthase positive amacrine cells. 38 At P25, the Sox2 MUTANT retinas exhibit a disruption of the middle horizontal band of processes compared with the inner and outer bands. In contrast, all three bands in the control display similar organization (Figs. 6B, 6E ; arrowheads in insets). The central band divides the IPL into the ON and OFF sublamina. 39 The disorganization of the amacrine cell processes is maintained at P60 (Figs. 6C, 6F) , suggesting a stable phenotype from P25 onward. This phenotypic progression provides evidence that loss of SOX2 not only affects MG maturation, but also results in the abnormal development of neuronal processes and points to an extended period of neuronal maturation and plasticity in the postnatal retina.
Horizontal cells extend their processes into the OPL (Fig.  6G, arrowhead) . 40 Neurofilament staining 38 reveals disruption of horizontal cell neurites, extending into the inner and outer nuclear layers in the Sox2
MUTANT at P15 (Fig. 6J, arrow) . These disruptions are also observed at P25 (Figs. 6H, 6K , arrow at OPL) and P60 (Figs. 6I, 6L , arrow at OPL) in the Sox2 MUTANT retinas. The sprouting of horizontal cell processes has been observed previously in retinas that undergo remodeling or degeneration. 41, 42 Since, as noted above, no degeneration is observed in these mutant retinas, the disruption of amacrine and horizontal cell processes suggests impaired retinal maturation due to remodeling of the retina that occurs when MG are unable to stabilize these processes.
Disruptions in the outer retina were assessed using semithin section histology and electron microscopy. In the typical murine ONL, photoreceptor (PR) cell bodies form linear columns that are surrounded by MG lamellar processes (Fig.  7A, inset) . However, in the Sox2 MUTANT , the columns of PR cell bodies are disorganized (Fig. 7B, inset) . Furthermore, the OLM (arrows), formed by zonula adherens junctions between MG and photoreceptor cell bodies, is irregular in the 
Sox2
MUTANT , compared with the linearly formed OLM in the Sox2 CONTROL . At the ultrastructural level, the adherens junctions that form the OLM are identified as short (~0.3 lm), dark densities between MG lamellar processes and photoreceptor cell bodies (arrowheads, Fig. 7C ). In the Sox2 MUTANT , adherens junctions are visibly shorter and oriented parallel to the apical/basal axis of the retina as opposed to perpendicular in the Sox2 CONTROL (arrowheads, Fig. 7D ). In the Sox2 CONTROL , MG processes maintain rod nuclei (RN) at a distance of approximately 3 lm from the OLM. However, in the Sox2 MUTANT , these nuclei have collapsed basally to the edge of OLM similar to the observations in the thin sections (Fig. 7B) . These observations provide evidence that the loss of SOX2 disrupts neuronal and glial processes throughout the entire width of the retina.
Loss of SOX2 in Müller Glia Results in Decreased Retinal Function
Electroretinograms were performed at P25 to assess retinal function in Sox2 MUTANT 
Sox2
CONTROL and Sox2 MUTANT eyes are shown in black and red, respectively (Fig. 8A) . At P25, ablation of Sox2 in Müller glia results in a significant decrease in a-wave amplitude at low light levels (Fig. 8B) , indicating a minor decrease in rod function. Also notable is a decreasing trend in a-wave amplitude at the highest flash intensity, indicating a possible reduction in cone function. A highly significant reduction in b-wave amplitude was observed at low and high flash intensities (Fig. 8C) . Postnatal day 60 retinas maintained a similar functional deficit as that observed at P25 (data not shown), consistent with histologic data. These data show that loss of SOX2 in MG disrupts not only the morphology of the neural retina and plexiform layers, but also results in a significant decrease in retinal function across a range of light intensities. Furthermore, these results demonstrate an essential function of MG to establish and stabilize the neuronal circuitry of the retina.
DISCUSSION
Loss of SOX2 in Müller Glia Disrupts Neuronal Structure and Function
Prior to our work, SOX2's essential role in the retina was known to be in specification of cell fate. By ablating Sox2 at P5, Sox2 MUTANT retinas show a significant decrease in a-wave amplitude at low light levels, indicating a decrease in rod function (step 1, P ¼ 0.0001; step 2, P ¼ 0.0018). Impaired cone function is suggested by a trend toward a decreased a-wave amplitude at the highest flash intensity (P ¼ 0.068). (C) Sox2 MUTANT retinas display a highly significant reduction in b-wave amplitude over a range of low and high flash intensities, indicating functional disruption of the inner retina (step 1, P ¼ 0.0059; step 2, P ¼ 0.0034; step 3, P ¼ 0.0316; step 4, P ¼ 0.1228; step 5, P ¼ 0.0922; step 6, P ¼ 0.0083; step 7, P ¼ 0.0047; step 8, P ¼ 0.0006; step 9, P ¼ 0.0019; step 10, P ¼ 0.0006; step 11, P ¼ 0.0029, step 12, P ¼ 0.0124). * P < 0.05. ** P < 0.01. specifically in immature yet committed MG, therefore bypassing cell fate conversion, we have identified a novel role for this transcription factor in Müller glia process outgrowth, neuronal maturation and adhesion. Unlike Sox2 ablation in RPCs, ablation in committed MG does not result in a cell fate shift; SOX2-deficient MG retain their gross morphology, continue to express specific glial markers, and do not reenter the cell cycle. Additionally, this work highlights the essential role that glial scaffolding plays in the neural development and function of the retina. See Figure 9 for a visual representation of these data.
Though Sox2 is ablated at P5 in MG, a striking disruption of Müller and neuronal processes becomes most evident at P25. Extension of MG processes in the Sox2 CONTROL retina, and the disruption of those processes observed from P15 to P25 in the Sox2 MUTANT retina, is likely to directly follow the period of robust synaptogenesis in the retina. 19, 34, [43] [44] [45] [46] [47] [48] Glial sheaths are known to form around active synapses and, in many regions of the nervous system, glia play an active role in synaptogenesis. [49] [50] [51] [52] Glial sheaths have also been shown in the chick retina to compartmentalize GC processes. Cultures of MG endfeet induced the formation of GC axons, while MG cell bodies promote dendritic growth. 53 In the zebrafish retina, photoreceptor circuits are established well before MG lamellar processes reach them. 54 Interestingly, it has been suggested that the onset of neuronal activity may guide or stimulate the MG outgrowth, possibly through the local influx of K þ across MG membranes. 19, 54 These light-evoked K þ currents are specifically localized to the synaptic plexiform layers, 55 where the MG morphology shows the greatest degree of disruption in the Sox2 MUTANT .
In addition to the observed structural abnormalities, there is a decrease in the b-wave amplitude in the Sox2 MUTANT , indicating a deficit in retinal function. It is known that the bwave arises from an ensemble response of retinal cells. ON bipolar cells are a major contributor to the b-wave of the electroretinogram. [56] [57] [58] Studies have also demonstrated that a component of the b-wave is Müller glial in origin. 59 For example, deletion of the MG-specific water channel, Aquaporin-4, results in a reduction in b-wave amplitude 60 similar to the phenotype in the Sox2 MUTANT retinas. Further, adeno-associated virus-mediated, optogenetic ablation of a subset of MG leads to a reduction in b-wave amplitude. 61 However, the global changes in retinal organization observed in both the inner and outer retina in the Sox2
MUTANT make it challenging to isolate a single factor responsible for this phenotype. Nevertheless, our results further define a critical role for Müller glia in the proper transmission of neuronal signals in the retina.
A New Role for SOX2 in Retinal Maturation
These data describe a new role for SOX2 in postnatal retinal maturation. Our laboratory and others have established that SOX2 is required at all major stages of retinal development for the proper formation of the mammalian eye. 15, 16, 27, 62 Here, we demonstrate that loss of SOX2 at P5 in a committed glial population results in the abnormal development of processes and adhesion sites throughout the retina. Amacrine cells are the only other population of cells in the retina to constitutively express SOX2. During retinal maturation, it was recently demonstrated that loss of SOX2 in a committed but immature FIGURE 9 . Sox2 ablation in P5 MG results in their aberrant maturation. In the Sox2 MUTANT retina, disrupted Müller and neuronal processes are evident throughout the retina. The branching side processes of MG that extend into the inner and outer plexiform layers are disorganized and decreased in density. As maturation progresses, MG cell bodies in the Sox2 MUTANT retinas may be displaced from the inner nuclear layer when the appropriate architecture and density of lamellar processes fail to develop. Müller glial endfeet at the outer and inner limiting membranes are also disrupted and there is evidence of disrupted neural-glial adhesion. Neurites of amacrine cells in the inner plexiform and horizontal cells in the outer plexiform layer are disorganized. In the outer nuclear layer, photoreceptor cell bodies are also disorganized.
amacrine cell population also results in aberrant process development. 33 Together, these results suggest that, SOX2 plays an essential role in the positioning of neural and glial cell processes and in the development of dendritic stratification in the postnatal retina. One possible explanation of our results is that ablation of Sox2 at P5 in Müller glia results in the disruption of the ability of MG to adhere correctly to neural processes in the plexiform layers and to form the zonula adherens junctions between MG and photoreceptor cell bodies, via alteration of expression or localization of these proteins. SOX2 has been linked to N-cadherin expression in the developing lens. 63 Both N-cadherin and N-CAM have been shown to be important in MG-neuronal adhesion. 64, 65 Further studies are warranted to explore this possibility.
Together, these data establish a role for SOX2 in the maturation of MG processes and provide new insights into the role of SOX2 in the development of retinal cytoarchitecture. The structural and functional disruption of neuronal and glial architecture at postnatal stages also highlights the extended period of dynamic maturation of the mammalian retina. Understanding the functional and structural plasticity of the postnatal and mature retina is essential for understanding mechanisms of retinal regeneration and considering therapeutic regenerative strategies for the neural retina.
